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The Representation of Time for Motor Learning
of time is a derived quantity that is computed fromone orJavier F. Medina,* Megan R. Carey,
and Stephen G. Lisberger more motion variables (Regan and Gray, 2000; Tresilian,
1999). For example, in tasks involving interactions withHoward Hughes Medical Institute
Department of Physiology and moving objects, such as catching or hitting a ball, pre-
cise timing is accomplished by deriving the time-to-W.M. Keck Foundation Center
for Integrative Neuroscience arrival of the incoming object from variables that the
senses can measure, such as the speed, distance, orUniversity of California, San Francisco
San Francisco, California 94143 looming of the object (Land andMcLeod, 2000; Rushton
and Wann, 1999).
Most real-life situations offer a wide range of signals
and cues that provide temporal information and could,Summary
at least in principle, be used to achieve precise timing
in ourmovements. Are all available signalswith temporalWe have identified factors that control precise motor
timing by studying learning in smooth pursuit eye move- structure used for motor timing, and if not, what deter-
mines whether any individual signal contributes to ourments. Monkeys tracked a target that moved horizon-
tally for a fixed time interval before changing direction internal representation of time? Is the contribution of
any given signal fixed for a particular motor task, or canthrough the addition of a vertical component of motion.
After repeatedpresentations of the same target trajec- task requirements bias the way in which the brain keeps
track of the passage of time?tory, infrequent probe trials of purely horizontal target
motion evoked a vertical eye movement around the In the present paper, we examine the signals used by
the brain to achieve precise timing in the learning oftime when the change in target direction would have
occurred. The pursuit system timed the vertical eye smooth pursuit eye movements. Pursuit eye move-
ments, which are used by primates to track slowly mov-movement by keeping track of the duration of hori-
zontal target motion and by measuring the distance ing objects, are subject to learning. Several hundred
repetitions of a consistent change in the direction orthe target traveled before changing direction, but not
by learning the position in space where the target speed of motion of a visual target leads to a learned
eye movement that is present even in probe trials wherechanged direction. We conclude that high temporal
precision in motor output relies on multiple signals the change in target motion does not occur (Boman
and Hotson, 1992; Fukushima et al., 1996; Kahlon andwhose contributions to timing vary according to
task requirements. Lisberger, 1996). We now report that pursuit learning is
temporally specific: the peak velocity of the learned eye
movement in probe trials always occurred around theIntroduction
time when the target would have changed direction in
the learning trials. We also demonstrate that the timingPrecise timing is at the heart of all our movements.
Timing on a scale of tens to hundreds of milliseconds of the learned eye movement was controlled by signals
that varied according to task requirements, ensuringis essential to coordinate the components of complex
movements and the sequence of muscular contractions high temporal precision under a variety of behavioral cir-
cumstances.for simplemovements. To achievemovements with high
temporal precision, the brain must garner temporal in-
formation from internal and/or external cues and gener- Results
ate an internal representation of the passage of time
with millisecond accuracy. Directional Learning of Smooth Pursuit
Motor timing has been examined using a variety of Eye Movements
tasks that can be categorized according to the nature To assess the control eye movement responses, each
of the signals that contribute to the underlying represen- daily experiment began with a baseline block that in-
tation of time. In some tasks, the only temporal signal cluded approximately 50 trials of horizontal target mo-
available is the passage of time itself, and under these tion at 10/s in the learning direction (Figure 1A). In the
conditions timing is said to be “explicit,” as if the brain subsequent block of learning trials, targets moved in
were keeping track of time with a stopwatch (Buono- the learning direction at 10/s for a fixed duration before
mano and Karmarkar, 2002; Gibbon et al., 1997; Ivry, changing direction through the addition of a component
1996; Miall, 1992; Schoner, 2002). For example, it has of vertical motion at 30/s for 500 ms. In Figure 1B, for
been suggested that maintaining an internal tempo in example, the learning direction was rightward and a 500
any solo music performance depends on a neural clock ms interstimulus interval (ISI) intervened between the
that ticks at an abstract level and provides explicit tem- onset of horizontal target motion and the addition of
poral reference points (Janata and Grafton, 2003; vertical target motion. During the first few learning trials,
Palmer, 1997). However, temporal information is not al- and due to the intrinsic delay of the pursuit system
ways encoded explicitly; in some behaviors the passage (Lisberger et al., 1987), the monkeys responded to the
change in target direction about 100 ms after the onset
of vertical target motion. Responses after the change*Correspondence: jmedina@phy.ucsf.edu
Neuron
158
motion at 10/s, evoked a horizontal smooth eye move-
ment followed by a vertical smooth eye movement. In
Figure 1C, for example, the monkey’s initial rightward
pursuit (top panel in right side of Figure 1C) was accom-
panied by a later upward smooth eye motion (bottom
panel in right side of Figure 1C), even though the probe
target moved only to the right. The peak of the learned
vertical eyemovementwas timed appropriately to corre-
spond to the time when the target would have begun
to move upward on the learning trials (indicated by the
upward arrow in Figure 1C).
Figure 1D shows that directional learning caused simi-
lar trajectories of learned eye movements in all three
monkeys we studied. For targets that changed direction
500 ms after motion onset, the peak vertical velocity of
the learned eye movement varied from about 2/s in
monkey P to about 4/s in monkeys M and Z, but the
time course was similar. The onset of the learned eye
movement anticipated the onset of vertical target mo-
tion and reached a peak at about the time the vertical
target motion would have begun in the learning trials
(upward vertical arrows in Figure 1D).
Temporal Specificity of Learning
Altering the time when the target changed direction in
learning trials changed the timing of the learned eye
movement. In this set of experiments, the ISI used for
the learning trials was kept constant for the whole daily
session but was varied from one day to the next. We
used ISIs of 50, 150, 250, 500, 750, or 1000 ms on differ-
ent days. Figures 2A and 2B show two features of the
learned vertical eye velocities measured in probe trials
that were randomly interleaved among learning trials of
a particular ISI (ISI is color coded by the downward
Figure 1. Trial Configurations for Directional Learning of Smooth
arrows). First, the timing of the learned eye movementPursuit Eye Movements
depended on the timing of the vertical target motion in
(A) Prelearning probe trial. (B) Learning trial. (C) Postlearning probe
the learning trials. The learned eye movement antici-trial. In (A)–(C), the icons at the left of each panel show the stimulus
pated the onset of vertical target motion and peakedand response in terms of horizontal and vertical position. The bold,
black arrow shows target motion, and the fine gray line shows the near the time when vertical target motion would have
sequence of eye positions. The right side of each panel shows begun (Figures 2A and 2B). Second, the amplitude of
superimposed continuous and dashed traces for eye and target the learned eye movement depended on the timing of
velocity, respectively; top and bottom pairs of traces in each panel the change in target direction. The learned vertical eye
show horizontal and vertical velocities. In (A) and (C), the target
velocity was largest when, in the learning trials, the tar-motion is purely horizontal, but the time when the target would have
get changed direction 150 or 250 ms after the onsetchanged direction in the learning trials is indicated by the upward
vertical arrows. In (B), a 500 ms pulse of vertical target velocity of horizontal target motion (red and black traces). The
begins 500 ms after the onset of horizontal target motion. Note that learned vertical eye velocity was smaller for both shorter
the scale in (B) is different from (A) and (C). (D) Gray traces show the and longer values of ISI.
average learned vertical eye velocity in individual daily experiments; Averaging across several daily experiments at each
black traces show grand averages across all experiments. Down-
ISI revealed that, for values of ISI in the range from 250ward vertical arrows show the time of onset of horizontal target
to 1000 ms, the peak vertical velocity of the learned eyemotion. Upward vertical arrows and vertical dashed lines show the
time of the change in the direction of target motion in the learn- movement occurred approximately 50–100 ms after the
ing trials. change in direction of targetmotionwould have occured
in the learning trials (Figure 2C). When the ISI was 50
or 150 ms, the time to the peak of the learned vertical
eye velocity reached a minimum at about 250 ms afterin direction consisted of a small smooth eye movement,
a saccade to catch up with the moving target, and post- the onset of the horizontal target motion, reflecting the
intrinsic delay of 100 ms in the pursuit system (Lisbergersaccadic vertical eye speed that nearly matched vertical
target speed (bottom panel in right side of Figure 1B). To et al., 1987) and the dynamics of smooth tracking eye
movements. The temporal precision of the learned re-assess any learning effects, probe trials were presented
occasionally, randomly interleaved among learning tri- sponse also was related to the ISI used in the learning
trials. The standard deviation of the time of the peakals. After 50 to 100 learning trials, the postlearning probe
trials, which were identical to the trials in the baseline vertical eye velocity was small when the ISI was 150 ms
and increased to values in excess of 300 ms when ISIblock and therefore consisted of purely horizontal target
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Figure 3. Relationship between the Size of the Learned Vertical Eye
Movement and the ISI
(A) Each bar shows the average peak of the learned vertical eye
velocity at a particular ISI. (B) The bars show the average total
displacement of vertical eye position in the postlearning probe trials,
again as a function of ISI. In (A) and (B), filled and open bars show
data for monkeys M and P. (C and D) Average vertical eye velocity
during the first ten learning trials as a function of the time from the
onset of the initial horizontal target motion for monkeys M and P,
respectively. Different traces show eye velocity during learning trials
Figure 2. Learned Timing in the Pursuit System
with different values of ISI.
(A and B) Learned vertical eye velocity is plotted as a function of
time for experiments that used learning trials with changes in target
traces in Figures 2A–2B belies this logic, as the intervaldirection after ISIs of different durations. Each color corresponds
from the onset of the learned eye movement to its peakto a different ISI, and the time at which the target changed direction
in the learning trials is indicated by the downward arrows. (C) Time can be as long as 400–500 ms. Figures 2E and 2F plot
to the peak of the learned vertical eye velocity is plotted as a function ten individual learned eye movements from monkey M
of the ISI. Error bars give standard deviations for means measured (gray traces) and their average (black trace) and confirm
from individual trials. (D) Standard deviation of the time to the peak
that the durations of the average responses plotted inlearned vertical eye velocity is plotted as a function of the ISI. In
Figures 2A and 2B provide an accurate reflection of the(C) and (D), open and filled symbols show results for monkeys P
durations of the responses in individual trials. Theseand M. (E and F) Examples of learned responses for two different
values of ISI. Black traces show the average learned vertical eye results demonstrate that the time to peak vertical eye
velocity, and gray traces show the ten sample individual trials that velocity in the probe trials is not correlated with the
comprise the average. In (E) and (F), values of ISI were 250 and onset of the learned eyemovement; instead, as shown in
750 ms. Figure 2C, visual feedback starts to drive image motion
back toward zero approximately 100 ms after the ex-
pected change in target motion does not occur.
was 1000ms (Figure 2D). Regression analysis supported To quantify the relationship between the amplitude of
a linear relationship between the standard deviation in the learned response and the ISI, Figure 3A plots the
the time to peak of the learned eye movement and the mean and standard deviation of the peak vertical veloc-
value of ISI. The linear relationship is consistent with ity of the learned eye movements. Data were averaged
Weber’s law, which in the timing literature has been across several experimental days at each value of ISI.
taken tomean that the variability estimating the passage For bothmonkeys (open and filled bars), the relationship
of time should be proportional to the interval being esti- between peak learned response and ISI shows an in-
mated (Gibbon et al., 1997). verted-U shape. The largest values of learned vertical
The eye movements in the postlearning probe trials eye velocity occurred for intermediate values of ISI;
are complicated by the presence of visual feedback. smaller amplitudes were obtained with the shortest (50
As soon as the learned vertical smooth eye movement ms) or longest (1000 ms) values of ISI. A similar in-
begins, vertical eye velocity is driven away from vertical verted-U function characterizes the relationship be-
target velocity, which is zero in the probe trials. The tween learned response and ISI when we compute the
resulting image motion in the opposite direction should area under each vertical eye velocity trace to report the
provide a drive to return vertical eye velocity to zero. total upward displacement in the learned eyemovement
Due to the intrinsic visual delay in the pursuit system, (Figure 3B). Note that for this analysis we computed
wemight expect the peak velocity of the learned vertical the displacement after removing saccades from the raw
eye movement to occur at the time the delay expires, position traces because we wanted to look at the
about 100 ms after the onset of the eye movement (Lis- smooth pursuit system in isolation, without any potential
contributions from the saccadic system.berger et al., 1987). However, inspection of the average
Neuron
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We next examined whether the average amplitude
of the learned eye movement for a particular ISI was
correlated with the average performance during the
learning trials. The traces in Figures 3C and 3D show
that the vertical eye velocity evoked during the first ten
learning trials did not depend on the ISI. Each response
began with an early saccade shortly after the onset of
upward target motion, shown by the gaps in vertical eye
velocity near the start of each trace. The saccade was
followed by smooth eye velocity responses to the 500
ms pulse of vertical target velocity. Neither the onset
latency, size, or duration of the initial saccade nor the
amplitude of the subsequent upward pursuit velocity
varied significantly as a function of ISI for monkey M
or P (Figures 3C and 3D, respectively). Because the
response to the vertical target motion during the initial
learning trials was the same for all values of ISI, we
conclude that performance deficits cannot be responsi-
ble for the effect of ISI on the size of the learned re-
sponse.
Having established that learned eye movements are
temporally specific for the particular ISI used in the
learning trials, the next two sections examine how the
different motion signals that are available during a typi- Figure 4. Demonstration that the Pursuit System Learns the Time
cal pursuit trial contribute to the timing of the learned but Not the Position of the Change in Target Direction
eye movement. The leftmost icon shows the target motion in the learning trials in
terms of horizontal and vertical position on the screen; targets
started 5 to the right andmoved at 10/s for 500ms before changingContribution of Positional Signals
direction. The righthand five icons show the target motion in theto Learned Timing
probe trials; targets started 0, 2.5, 5, 7.5, or 10 to the right of
In eachexperiment presented so far, the onset of vertical center and moved rightward at 10/s. In both sets of icons and in
target motion in the learning trials always occurred at a the eye velocity traces in (A)–(D), the colors indicate the different
initial horizontal positions of the probe trials. (A and B) Averages offixed location on the screen. We used the experiment
learned vertical eye velocity are plotted as a function of horizontaldiagrammed at the top of Figure 4 to test whether the
target location on the screen. (C and D) The same averages ofpursuit system was determining when to trigger the
learned vertical eye velocity are plotted as a function of time sincelearned eye movement simply by learning the location
the onset of horizontal target motion. (A) and (C) show data from
of the change in target direction. On learning trials, monkey Z; (B) and (D) show data from monkey M.
rightward target motion at 10/s began 5 to the right of
center. After 500 ms of horizontal target motion, when
the target reached 10 to the right of center, a compo- a function of the difference between the initial target
position in the probe and learning trials.nent of vertical target motion was added (Figure 4, top
left icon). In the postlearning probe trials (Figure 4, top Figures 5A and 5B summarize the data for this experi-
ment by plotting the horizontal target position as a func-right five icons), target motion was purely horizontal,
and we varied the initial fixation position so that, after tion of the time at the peak of the learned vertical eye
velocity in each individual postlearning probe trial. Dif-the 500 ms ISI expired, the target was at a different
position on the screen for each probe trial. Depending ferent colors have been used to represent the data for
the different initial positions in the probe trials. Each seton whether the position or the time of the change in
target direction were being learned, the peak vertical of colored points plots along a diagonal line with a slope
equal to the speed of the target (i.e., 10/s), becausevelocity of the learned eye movement should occur at
either the same position (10 to the right) or the same time and horizontal position proceed in lock-step as the
targetmoveshorizontally at constant speed fromagiventime (500 ms after the onset of target motion), indepen-
dent of the initial target position in the probe trial. initial position. The data for each set of probe trials with
a particular initial target position have been summarizedAs shown in Figure 4, in both monkeys, the learned eye
movement occurred when rather than where the target by a rectangle that is centered at the median values of
position and time and whose sides are one standardchanged direction in the learning trials. When the
learned vertical eye velocity for different probe trials is deviation in length. When rectangles for different sets
of colored points overlapped, they were joined to formaveraged separately and plotted as a function of the
horizontal position of the target (Figures 4A and 4B), the a polygon. The rectangles for different probe trials
should be aligned vertically or horizontally dependingtraces show peaks at different positions. In contrast,
when the same data are plotted as a function of time on whether the pursuit system had learned the time or
the position of the change in target direction. For thefrom the onset of target motion, all the traces show
peaks at about the same time (Figures 4C and 4D). experiment shown in Figure 4, when the change in target
motion in the learning trials always occurred at the sameVarying the initial position for the probe target did affect
the size of the learned response; amplitude declined as location and at the same time, the data for probe trials
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system to learn the position of a change in the direction
of target motion. In the experiment diagrammed in the
icons between Figures 5C and 5D, initial target position
differed across learning trials so that the onset of vertical
target motion occurred at a time that was not reliable,
but always at the same horizontal position on the screen
(i.e., 10 to the right of center). The probe trials were the
same as those in Figure 4. The peak vertical velocity of
the learned eye movement occurred over a wide range
of times and positions in different probe trials and gave
little evidence of the horizontal orientation of the data
that would be expected if the pursuit system had suc-
cessfully learned the position of the change in target
direction (Figures 5C and 5D). Statistical evaluation us-
ing Levene’s test for homogeneity of variance verified
that the pursuit system had not learned position: the
variability in target position at the time of the peak
learned eye velocity was the same or larger in Figures
5C and 5D than in Figures 5A and 5B. In a final set of
experiments (diagrammed in the icons between Figures
5E and 5F), the change in target direction occurred over
a range of positions on the screen but always after the
same duration of horizontal motion (i.e., 500ms), forcing
the system to learn time rather than position. The probe
trials again were the same as those in Figure 4. The
peak vertical velocity of the learned eye movement in
different probe trials plotted very close to the vertical
stack that would be expected if the pursuit system had
learned the time of the change in target direction (Fig-
ures 5E and 5F). We conclude that for this set of experi-
ments, target position on the screen is not, and cannot,
Figure 5. Quantitative Assessment of Whether the Pursuit System be used to learn the time of a change in the direction
Learns Time or Position under Different Conditions of target motion.
Each symbol shows the results from one probe trial and plots the
horizontal position of the peak learned eye velocity as a function of
Contribution of Distance- and Time-Relatedthe time of the peak; each color shows data for probe trials that
Signals to Learned Timingstarted at one of the five different horizontal positions (as indicated in
In the experiments shown so far, the pursuit systemthe top row of icons). Polygons were formed bymerging overlapping
rectangles, each rectangle centered at the median position and time might have learnedwhen the target would change direc-
for all the probe trials starting at a particular horizontal position. tion bymeasuring the duration of the ISI or the horizontal
The side of each of the five rectangles has a length equal to one distance traversed by the target during the ISI. To test
standard deviation along each axis. (A and B) Conditions allowed
whether the pursuit system was learning the time of thelearning either the horizontal position or the time of the change in
change in target direction or the horizontal distancetarget direction. In learning trials, the target moved rightward at
that the target moved before the change in direction10/s beginning 5 to the right, and the change in target motion
always occurred at the same time (500ms after target onset) and the occurred, we disrupted the fixed relationship between
same location on the screen (10 to the right). (C and D) Conditions time and distance at a given speed by varying horizontal
attempted to force learning the position of the change in target target speed. First, we varied horizontal target speed
direction. In the learning trials, targets moved rightward at 10/s
only in the probe trials (Figure 6) and in the last twobeginning 0, 2.5, 5, 7.5, or 10 to the right, and the change in
experiments (Figure 7) to force the pursuit system todirection occurred 1000, 750, 500, 250, and 0 ms after the onset of
learn either time or distance, in both learning andtarget motion, always at a position 10 to the right. (E and F) Condi-
tions attempted to force learning the time of the change in target probe trials.
direction. In the learning trials, targets moved rightward at 10/s In the experiment presented in Figure 6, there was only
beginning 0, 2.5, 5, 7.5, or 10 to the right, and the change in one type of learning trial (top left icon). The target started
direction always occurred 500 ms after the onset of target motion,
bymoving horizontally at 10/s. It always changed direc-when the target was located 5, 7.5, 10, 12.5, and 15 to the right
tion after a fixed time of 500 ms had elapsed and a fixedof the center of the screen. The icons in the center of the figure
distance of 5 had been traversed. In the postlearningsummarize the target motions used in the learning trials of the three
different experiments. probe trials, we varied the horizontal target speed to
dissociate time anddistance, just aswe had varied initial
target position to dissociate time and position in Figure
4. Depending on whether distance or time were beingstarting at different positions aligned in a vertical column
(Figures 5A and 5B), indicating that the peak vertical learned, the vertical velocity of the learned eye move-
mentwould be expected to reach a peakwhen the targetvelocity of the individual learned eye movements oc-
curred at the same time but different positions. had either (1) traversed the same horizontal distance
(5) or (2) moved for the same amount of time after theWe next asked whether we could force the pursuit
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versed different distances during the ISI (five icons at
the top of Figure 7A). As was done for the experiment
shown in Figure 6, probe trials were presented at different
velocities. For both monkeys, the peaks of the average
vertical eye velocity traces for the different probe trials
were better aligned when plotted as a function of time
(Figures 7A3 and 7A4) than when they were plotted as
a function of horizontal distance (Figures 7A1 and 7A2).
In the experiment in Figure 7B, we promoted learning
of distance by varying systematically the ISI and the
horizontal target speed in different learning trials so that
the target always traversed the samehorizontal distance
of 5 during the ISI (five icons at the top of Figure 7B).
As in Figures 6 and 7A, probe trials delivered different
target velocities. When the learned vertical eye velocity
for different probe trials was averaged separately and
plotted as a function of the horizontal distance traversed
by the probe target, the peaks of the average traces
were aligned better than they had been in Figure 7A,
although the alignment was not perfect (Figures 7B1
and 7B2). However, the peaks were very poorly aligned
when the same average vertical eye velocity traces were
plotted as a function of time (Figures 7B3 and 7B4). For
both sets of experiments in Figure 7, the peak vertical
Figure 6. Demonstration that the Pursuit SystemLearns an Interme-
velocity of the learned eye movement was larger whendiate between Time and Distance When Both Signals Are Equally
the probe target moved at higher speeds, even thoughReliable Predictors of the Change in Target Direction
all target velocities were represented equally in theThe leftmost icon shows the target motion in the learning trials in
learning trials.terms of horizontal and vertical position on the screen; targets
started at the center of the screen and moved at 10/s for 500 ms Figure 8 summarizes the data from the three time-
before changing direction. The righthand five icons show the target versus-distance experiments presented in this section
motion in the probe trials; targets started at the center and moved in the same way that Figure 5 summarized the time-
rightward at 20, 15, 10, 7.5, or 5/s. In both sets of icons and in versus-position experiments. The data should stack ver-
the eye velocity traces in (A)–(D), the colors indicate the different
tically or horizontally depending on whether time or dis-horizontal speeds of the probe trials. (A and B) Averages of learned
tance, respectively, had been learned. When the pursuitvertical eye velocity are plotted as a function of the horizontal dis-
system was unconstrained because the learning trialstance traveled by the target. (C and D) The same averages of learned
vertical eye velocity are plotted as a function of time from the onset provided target motion at only one speed, probe trials
of horizontal target motion. (A) and (C) show data from monkey Z; of different speeds plotted obliquely, indicating that a
(B) and (D) show data from monkey M. combination of distance and time had been learned (Fig-
ures 8A and 8B). When the learning trials provided target
motions of different speeds that changed direction after
onset of target motion (500 ms), independent of the the same ISI but different distances, the data plotted
target speed in the probe trial. Figure 6 shows that when vertically, indicating that time had been learned (Figures
the learned vertical eye velocity for the different probe 8C and 8D). Finally, when the target motion on learning
trials is averaged separately, the peaks of the average trials changed direction after traversing a constant dis-
traces did not align perfectly when plotted as a function tance but different ISIs, the data plotted horizontally,
of either horizontal distance (Figures 6A and 6B) or time indicating that distance had been learned (Figures 8E
(Figures 6C and 6D). For monkey Z, the peaks of the and 8F). Statistical analysis using Levene’s test for ho-
learned vertical eye velocity traces aligned better when mogeneity of variance demonstrated that for both mon-
plotted as a function of time, indicating that for the most keys the variability in the time of the peak learned eye
part the pursuit system learned that the change in target velocity was lower in Figures 8C and 8D, whereas the
direction would occur 500 ms after motion onset. For variability in the distance traveled at the time of the peak
monkey M, the opposite was true; the peaks aligned learned eye velocity was lower in Figures 8E and 8F (p
better when plotted as a function of horizontal distance, 0.01). We conclude that the pursuit system determines
indicating that for the most part the pursuit system when to emit a learned eye movement by keeping track
learned that the change in target direction would occur of elapsed time and distance traveled by the target and
after the target had moved 5. that the relative contributions that these two signals
In the final two experiments, we varied horizontal tar- make to motor timing can be influenced by the condi-
get speed in the learning trials of each daily experiment tions in the learning trials.
to ask whether the pursuit system could be forced to
learn either the time of the change in target direction or Discussion
the distance that the target had to move before this
change occurred. To promote learning of time, all learn- Representation of Time for Motor Control
ing trials had the same value of ISI (500 ms), but we We have found that the pursuit system can learn to
emit a response that is timed to the occurrence of anvaried horizontal target speed so that the target tra-
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Figure 7. Average Learned Eye Velocity Records Showing that the Conditions in the Learning Trials Can Influence Whether the Pursuit System
Learns the Duration of the ISI or the Distance Moved by the Target during the ISI
In the top row, the two sets of five icons show target motion in the learning trials. The horizontal speed in the probe trials was varied as in
Figure 6 and is indicated by the different colors in the learned eye velocity traces in (A) and (B). (A) Conditions designed to promote learning
the time of the change in target direction. On learning trials, targets started at the center of the screen and moved to the right at speeds of
20, 15, 10, 7.5, and 5/s for 500 ms, traversing 10, 7.5, 5, 3.75, and 2.5 before undergoing a change in direction. (B) Conditions designed
to promote learning the horizontal distance moved by the target before the change in direction. On learning trials, targets started at the center
of the screen and moved to the right at speeds of 20, 15, 10, 7.5, and 5/s; the value of ISI was 250, 333, 500, 666, and 1000 ms so that
the change in target direction always occurred after the target had moved 5. (A1, A2, B1, and B2) Averages of learned eye velocity are plotted
as a function of the horizontal distance that the target had moved. (A3, A4, B3, and B4) The same averages of learned eye velocity are plotted
as a function of time from the onset of horizontal target motion.
expected change in target direction and that this tempo- (Gallistel and Gibbon, 2000; Gibbon et al., 1997; Mauk
and Ruiz, 1992), and (3) tapping tasks that require theral precision can be achieved explicitly, by measuring
the duration of a time interval, and implicitly, by keeping subjects to synchronize finger movements with the beat
of a metronome (Spencer et al., 2003; Wing, 2002). Ex-track of the distance a target has traveled. Our findings
provide a counterexample to the suggestion that the amples in which time is computed implicitly from signals
with temporal structure include (1) continuous drawingadaptation of visually guidedmovementsmay be unable
to employ an explicit representation of time (Karniel and tasks, where temporal consistency can be achieved by
keeping the angular velocity of a circular movementMussa-Ivaldi, 2003). Further, our findings seem to con-
tradict a recent hypothesis that the neural circuits repre- constant, without measuring time explicitly (Killeen and
Weiss, 1987; Spencer et al., 2003), (2) “time-to-collision”senting time explicitly might be separate from those that
make use of motion signals to keep track of the passage tasks, where subjects use signals related to the speed,
distance, or looming of a moving object to estimate theof time (Lewis andMiall, 2003). Instead, our results dem-
onstrate that the neural circuitry driving smooth pursuit time until it reaches a designated location (Regan and
Gray, 2000; Sun and Frost, 1998; Tresilian, 1999), andin primates has access to both time and distance cues,
and it appears that these two signals are used concur- (3) throwing following prism adaptation (Martin et al.,
2001). Our results demonstrate that one behavioral sys-rently to guide learned timing.
Prior research has provided abundant examples of tem can encode the passage of time either explicitly or
implicitly depending on task conditions.explicit and implicit representations of time for motor
control. Other evidence for an explicit representation of To determine when to emit the learned eye movement
using information related to the distance traveled bytime has come from (1) interval discrimination tasks that
require the subjects to discriminate which of two con- the target, the pursuit system could capitalize on the
identity: target speed equals distance traveled dividedsecutive stimuli is longer in duration (Buonomano and
Karmarkar, 2002; Wright et al., 1997), (2) conditioning by the duration of motion. Target speed is a signal that
is readily available from the visual system when the eyetasks that require the subjects to generate a response
at a particular time after the presentation of a cue, either is stationary and is equal to the eye speed represented
in the cerebellum (Lisberger and Fuchs, 1978; Miles etfor positive reinforcement or to avoid a harmful stimulus
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the pursuit system to use any or all of these signals to
keep track of time. In contrast, target position is not one
of the signals that naturally drives smooth pursuit as
indicated, for example, by the observation that step-
ramp target motion causes pursuit to be initiated in the
direction of the target motion, not in the direction of the
step in position (Rashbass, 1961). Our finding that target
position cannot be used by the pursuit system to repre-
sent time suggests that different movement systems
probably use different signals to keep track of time,
perhaps drawing from the signals that are part of their
natural repertoire.
Although there is a sense in which pursuit learning in
the paradigm used here may be similar to anticipatory
or predictive pursuit of periodic target motions (Barnes
andAsselman, 1991; Vandenberg, 1988),we remain cau-
tious about extending our conclusions to all predictive
and anticipatory pursuit behaviors. Pursuit learning ap-
pears to be localized in subcortical structures (Chou and
Lisberger, 2004; Kahlon and Lisberger, 2000), whereas
anticipatory pursuit depends on cognitive expectations
(Kowler, 1989), engages the cerebral cortex (Heinen and
Liu, 1997), and is partially spared after cerebellar lesions
(Waterston et al., 1992). Until the neural signals and
the cellular mechanisms responsible for these various
phenomena have been elucidated, however, it is difficult
to come to any firm conclusions about the degree to
which our findings for pursuit learning in a stimulus-
response situation will be applicable to the timing of
anticipatory smooth pursuit eye movements in other
tasks.
Figure 8. Quantitative Assessment of Whether the Pursuit System
Factors Affecting the Amplitude of the LearnedLearns Time or Distance under Different Conditions
Eye MovementEach symbol shows the results from one probe trial and plots the
horizontal distance the target had moved at the peak of the learned The variations in learning conditions used here had a
eye velocity as a function of the time of the peak; different colors number of interesting effects on the amplitude of the
showdata for probe trials of different horizontal speeds (as indicated learned eye movement. First, when learning was probed
in the top row of icons). Polygons were formed by merging overlap- with targets that started at different positions on the
ping rectangles, each rectangle centered at the median distance
screen, the amplitude of the learned response wasand time for all the probe trials using a particular horizontal speed.
largest for the starting position used in the learning trialsThe side of each of the five rectangles has a length equal to one
standard deviation along each axis. (A and B) Conditions allowed and decreased as the initial target position was moved
learning of either distance or time by changing the direction of the away. Second, when learning was probed with target
target at a constant time after motion onset and after the target had motion of different speeds, the amplitude of the learned
moved a constant distance. (C and D) Conditions attempted to force response increased as a function of speed. Third, the
the pursuit system to learn the time of the change in target direction.
amplitude of learning depended on the interval betweenIn the learning trials, the target changed direction after it had moved
the onset of horizontal and vertical target motion, show-different distances, but at a constant time after the onset of motion.
(E and F) Conditions attempted to force the pursuit system to learn ing the largest learned response for values of ISI be-
how far the target would move before changing direction. In the tween 150 and 500 ms, with smaller (but properly timed)
learning trials, the target changed direction at different times after responses for longer or shorter values of ISI. Control
motion onset but after it had moved a constant distance. The icons analyses showed that the effect of ISI on the amplitude
in the center of the graph summarize the target motions used in the
of learning cannot be due to a “performance” deficitlearning trials.
attributed to differences in the eye movements evoked
after the target changed direction in the different learn-
ing trials.al., 1980) and cortical areas MST (Newsome et al., 1988;
Sakata et al., 1983) and FPA (Fukushima et al., 2000; We can offer explanations for each of these three
observations in the context of pre-existing concepts ofGottlieb et al., 1994) when tracking is accurate. Distance
could be computed by taking the time integral of speed learning and smooth pursuit eyemovements. In theories
of generalization, the expression of learning for anyusing neural mechanisms like those proposed for the
oculomotor velocity-to-position integrator (Robinson, given particular probe stimulus depends on how much
the neural representation of the probe stimulus overlaps1989; Seung et al., 2000) and for the accumulation of
evidence for perceptual decisions (Durstewitz, 2003; with that of the learning stimulus (Mclaren and Mackin-
tosh, 2002). Our results for changes in the initial targetMazurek et al., 2003;Wang, 2002). Given the relationship
among speed, distance, and time, it seems natural for position of probe trials conform to the classical general-
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ization effect and would be expected if the representa- is the site where time is kept for pursuit learning, then
an important contribution almost certainly is made bytion of probe target motions starting from different posi-
tions overlapped by an amount that decreased as a the eye velocity and image motion signals transmitted
by mossy fiber inputs, which could be used to derivefunction of the distance between the starting positions
of the learning and probe motions. The effect of the an implicit representation of the passage of time (Miles
et al., 1980).speed of the probe stimulus on the amplitude of learning
may be related to the prior demonstration of a variable Finally, the temporal requirements for pursuit learning
bear a striking resemblance to those exhibited in a vari-gain control within the visual-motor transformations for
pursuit (Schwartz and Lisberger, 1994). Since the setting ety of cerebellar-dependent learning tasks, including
adaptation of saccadic eye movements (Shafer et al.,of the gain control is a functionof target speed (Schwartz
and Lisberger, 1994), higher values of internal gain for 2000), motor learning in the vestibulo-ocular reflex (Ray-
mond and Lisberger, 1998), and classical conditioninghigher target speeds could explain a larger expression
of learning and might even obscure a classical general- of the eyelid response (Schneiderman and Gormezano,
1964). Thus, it is tempting to think that an eligibility traceization effect for target speed.
Finally, to explain the relationship between the size with a peak in the 150–250 range and a duration of 1–2 s
will be a feature of all cerebellar-dependent forms ofof the learned response and the ISI, we suggest that
there is an “eligibility trace” for pursuit learning (Sutton learning, including those related to the involvement of
the cerebellum in nonmotor tasks. Furthermore, the re-and Barto, 1981). When the eligibility trace is large, then
learning can occur at that time; if it is small or absent, markable similarity of the learning and the involvement
of the cerebellum in each of these behaviors suggestthen learning is poor even though motor performance
might be excellent at the time. To explain our data, we that learned timing may be mediated by a shared set of
circuit and cellular mechanisms.propose that an eligibility trace is triggered by the onset
of target motion, peaks at about 150–250 ms later, and
then declines gradually. Our data do not indicate
Experimental Procedureswhether the time course of the eligibility trace for pursuit
learning results from the timing requirements of the cel- Animals
lular andmolecularmechanisms responsible for learning Three rhesus monkeys (Macaca mulatta) served as subjects. Two
(monkeys M and P) had participated in previous studies of pursuitor from the timing of the neural signals that guide learn-
learning where double steps of target speed were used to cause aing. However, we favor an important role for the neural
learned increase or decrease in eye speed during the initiation ofsignals themselves, because the duration of the eligibil-
pursuit (Kahlon and Lisberger, 1996), but all three were naive to theity trace is long relative to the timing requirements of
directional learning paradigm used here. Monkey P showed only
putative cellular mechanisms of learning such as spike small learned eye movements with ISIs longer than 500 ms and did
timing-dependent plasticity (Bi andPoo, 1998) or even of not participate in the experiments of Figures 4–8. To instrument
them for experiments, each monkey was anesthetized with isofluor-cerebellar long-term depression (Chen and Thompson,
ane, and a search coil was implanted on one eye so that eye position1995; Wang et al., 2000).
could bemeasured using the magnetic search coil technique (Judge
et al., 1980). Custom-cut orthopedic stainless steel strips were
Is Pursuit a Form of Cerebellar Learning? attached to the monkeys’ skull with 8 mm long screws. The straps
Although a large number of neural systems have been served as the foundation for dental acrylic to secure a receptacle
that was used to fix the head to the primate chair. Appropriateimplicated in the representation of time for different
analgesic and antibiotic treatments were administered postopera-tasks (Lewis and Miall, 2003), we favor the hypothesis
tively. After recovery from surgery, monkeys were trained to sit inthat the cerebellum plays a key role in learned timing
a primate chair with the head restrained and to fixate and trackfor smooth pursuit eye movements. The cerebellum is
spots of light that moved across an analog oscilloscope placed
required for accurate smooth pursuit eye movements in front of them. All procedures involving the monkeys had been
(Robinson and Fuchs, 2001), and recordings from Pur- approved in advance by the Institutional Animal Care and Use Com-
mittee at UCSF.kinje cells in the floccular complex of themonkey’s cere-
bellum have shown that their firing changes in directions
and amounts that would be appropriate to drive the
Pursuit Targets and Data Acquisitionlearned eye movement (Kahlon and Lisberger, 2000).
Targets were presented on an analog oscilloscope (Hewlett Packard
The cerebellum has also been implicated in learning 1304a) and appeared as bright 0.4 squares on a dark background.
of smooth pursuit movements to targets with periodic The display was driven by a digital signal processing board with 16
bit digital-to-analog converters, creating a nominal spatial resolutiontrajectories (Suh et al., 2000). Our demonstration that
of 65,536  65,536 pixels and a temporal resolution of 4 ms. Thelearned eye movements are temporally specific and the
display was positioned 30 cm in front of the monkey and subtendedlong-standing idea that the cerebellum is important for
48  38 of visual angle. All experiments were carried out in a dimlytemporal processing provide additional reasons to think
lit room. Sequences of target motion were controlled by a combina-
there may be a link between the cerebellum and learned tion of DEC Alpha UNIX workstations, which provided a user inter-
timing for pursuit. One idea about the representation of face for programming and modifying the particular target motion
sequence to be presented, and PC/Windows NT machines, whichtime in the cerebellum posits that synchronicity in its
performed all the real-time operations and controlled the visual dis-climbing fiber input at very precise moments of a move-
plays. Signals proportional to horizontal and vertical eye positionment can act as a neural clock to provide an explicit
were passed through an analog circuit to create signals proportionalrepresentation of time (Welsh et al., 1995). However,
to horizontal and vertical eye velocity. The circuit differentiated fre-
our finding that both explicit and implicit temporal cues quency content from 0 to 25 Hz and filtered higher frequencies with
contribute to learned timing suggests that a broader set a roll-off of 20 db/decade. These analog signals were digitized at
1000 samples/s and stored for analysis.of neural mechanisms work together. If the cerebellum
Neuron
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Experimental Design were aligned on the onset of target motion, averaged, and filtered
with a 25 Hz digital filter. The filter reduced noise without noticeableBefore each daily experiment, the eye coil was calibrated by holding
the target stationary at known positions and rewarding the monkey effects on the basic trajectories of the traces. For each postlearning
probe trial of a particular type, we computed a learned eye velocityfor fixating the target with the head fixed. Experiments consisted
of a series of trials, each lasting 2 s. At the start of each trial, a response by subtracting the average vertical eye velocity in the
prelearning trials of the same type from the vertical eye velocity instationary target appeared and monkeys were required to fixate
within a 2  2window for an interval that was randomized between the individual postlearning probe trial.
600 and 1200 ms. To minimize the occurrence of saccades during
the initiation of pursuit, initial target trajectories followed the stan- Acknowledgments
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